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Emulsions inversion occurs in many industrial processes and may be inﬂuenced by the formulation con-
ditions, composition and emulsiﬁcation protocols. In this work, the inﬂuence of emulsiﬁers and stirring
on catastrophic inversion (O/W to W/O) was evaluated. Emulsions were prepared with different stirring
rates, using soy lecithin and Tween 80, at 2 and 5 wt%. The aqueous phase was distilled water with 1 wt%
NaCl and the oil phase was soy oil. These emulsions were analyzed by conductivity, stability, microscopy
and rheology assays. The most stable emulsions presented inversion with a smaller amount of the exter-
nal phase. Rheological analysis showed that, with a higher concentration of emulsiﬁer, it is better to use
Tween 80 when lower viscosity is desired, while soy lecithin is more appropriate for higher viscosity
products. The oscillatory tests showed that while the emulsions prepared using Tween 80 exhibited con-
centrated solution behavior, those prepared with soy lecithin exhibited strong gel behavior.
 2012 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
An emulsion is a liquid dispersed in the form of droplets in an-
other liquid. To be an emulsion, the system needs to exhibit some
stability against coalescence. To avoid coalescence, another com-
ponent is necessary, usually a surfactant (Salager et al., 2000).
The classical emulsion preparation process consists of homogeni-
zation using equipment such as a colloid mill, rotor stator system,
high pressure homogenizer or ultrasonic homogenizer. Another
process used more recently is membrane emulsiﬁcation (Rondón-
González et al., 2006; Nazir et al., 2010; Charcosset, 2009; Josce-
lyne and Tragardh, 2000).
The process in which an oil-in-water (O/W) emulsion becomes
a water-in-oil (W/O), or vice versa, due to excessive addition of the
internal phase, is called catastrophic emulsion inversion. Emulsion
inversion occurs during several processes in the food industry, and
this phenomenon can be desirable or not. In the butter making pro-
cess, for example, this phenomenon is desirable, but in cream mat-
uration, it must be avoided (Thakur et al., 2008; Tyrode et al., 2003;
McClements, 2005).
During the emulsiﬁcation process, inversion may occur in sev-
eral steps. Inside pipes, the ﬂow can break the emulsion or causeo, Setor de Tecnologia, Bloco
iba, P.O. Box 19011, Paraná
Züge).
lsevier OA license.its inversion. Thermal processes may change emulsion stability,
leading to a possible inversion. The addition of ingredients can
change the formulation, resulting in inversion. Therefore, it is
useful to study the properties of emulsion inversion in order to
better understand its behavior during emulsion formation and
processing.
Few studies have been done on emulsion inversion in the food
industry. These have described emulsion inversion using edible oils
(Thakur et al., 2007, 2008; Norton et al., 2009). Additionally, most
of them addressed dynamic inversion (Rondón-González et al.,
2000, 2006, 2009; Thakur et al., 2008; Tyrode et al., 2003;
Zambrano et al., 2003; Mira et al., 2003; Groeneweg et al., 1998).
Dynamic inversion occurs when the internal phase is continuously
added during stirring. The present work presents data obtained
with direct emulsiﬁcation inversion, when the aqueous phase is di-
rectly added to the oil phase before stirring. Direct emulsiﬁcation
inversion occurs frequently during product formulation.
The physical stability of emulsions can be assessed by rheolog-
ical analysis. The factors that control the rheology of emulsions are
(I) a continuous phase rheology; (II) the nature of the particles,
such as their size distribution, deformability, internal viscosity
and concentration; and (III) the nature of particle–particle interac-
tions (Barnes, 1994; Pal, 2001; Peressini et al., 1998; Tabilo-
Munizaga and Barbosa-Cánovas, 2005). For example, the presence
of an emulsiﬁer, such as a surfactant, is necessary to stabilize drop-
lets against emulsion coalescence and induces attractive interac-
tions affecting the rheological properties (Jansen et al., 2001;
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sions, it is desirable to have low viscosity (e.g. milk), whereas for
others, it is desirable to have high viscosity or viscoelastic proper-
ties (e.g. mayonnaise) (Chanamai and McClements, 2000). Most of
the rheological studies on emulsion inversion present non-oscilla-
tory analysis whereas oscillatory assays are not frequently used
(Thakur et al., 2007).
In the present study, the interval of catastrophic inversion by
direct emulsiﬁcation and the rheological effect with different
emulsiﬁer, Tween 80 and soy lecithin, into a emulsion were inves-
tigated. The last assessment was carried out by analyzing the stea-
dy state shear ﬂow, and dynamic mechanical analysis of each
formulation.
2. Materials and methods
2.1. Material
The oil phase was degummed and bleached soy oil (Imcopa S/A,
Brazil). The aqueous phase was distilled water with 1 wt% of NaCl
(Vetec, Brazil). The emulsiﬁers were soy lecithin (Imcopa S/A, Bra-
zil) and Tween 80 (Vetec, Brazil).2.2. Preparation of emulsions
The emulsions were prepared by the dispersion of 2 or 5 wt% of
the emulsiﬁer (soy lecithin or Tween 80) in the oil phase and then
addition of the aqueous phase. The ingredients were then mechan-
ically stirred (4000 or 9000 rpm) in glass vessel with a volume of
250 mL, using a Silverson L4RT homogenizer (Silverson Machines
Ltd, UK), during 3 min at 20 C. The emulsions were prepared rang-
ing from 70 to 90 vol.% of oil phase.




The emulsion was veriﬁed by using a conductivity meter (Shoot
Lab 970, SI Analytics GMbH, Germany) to measure the conductivity
of the emulsion. High conductivity values indicate that water is the
continuous phase and oil is the dispersed phase in a O/W emulsion
while for a W/O emulsion, the conductivity values will be low
(Thakur et al., 2008).2.3.2. Stability
The stability of the emulsions were determined by evaluating
phase separation of 10 ml samples placed in a conical graduate
tubes after 1, 4, and 24 h at 10 and 25 C.2.3.3. Microscopic analysis
A Zeiss Axio Observer D.1 inverted light microscope was used
(Zeiss Vision GmbH, Germany) with 1008 magniﬁcation. Images
captured with an AxioCam camera were analyzed using AxioVision
software, version 4.8.2. The conditions leading to catastrophic
inversion of food emulsions were studied. The characteristics of
the emulsion before and after inversion were evaluated at 1, 4,
and 24 h. The emulsions were storage at 10 and 25 C. Broken
emulsions were not analyzed.
The droplet size distribution (DSD) analysis was performed
using a methodology adapted from Ni et al. (1998), with three
micrographs taken for each treatment and concentration of the
oil phase. The micrographs were divided into four equal parts,
and the droplet size distribution was determined in two opposing
quadrants, selected randomly for each image. The Tukey test wasapplied to verify signiﬁcant differences (5% signiﬁcance level) be-
tween concentration and droplet size.
2.4. Rheological analysis
Rheological characterization of the emulsions was carried out
using a Haake Mars II (Thermo Electron GmbH, Germany) rheome-
ter that is equipped with a circulating water bath (DC5, Haake) and
a Peltier (TC 81, Haake) temperature control unit for maintaining
the desired temperatures during analysis. Measurements were per-
formed at 10 and 25 C, using cone and plate geometry with a cone
diameter of 60 mm and a cone angle of 2. Data collection, treat-
ment, and regression were performed using RheoWin 3 software
(Haake). After loading the sample into the rheometer, the emulsion
remained unperturbed for 5 min before the following tests were
performed: (1) ﬂow curve ( _c = 0.1–100 s1; t = 200 s). The coefﬁ-
cient of determination (R2) was used to evaluate the ﬁt of the Her-
schel–Bulkley model to the experimentally obtained ﬂow curves
(Steffe, 1996); (2) dynamic stress sweep (r = 0.1–100 Pa; f = 1 Hz);
and (3) dynamic frequency sweep (f = 0.1–10 Hz; r = 0.2 Pa).
The Herschel–Bulkley equation is deﬁned as
s ¼ so þ Kð _cÞn
where s is the shear stress (Pa); so is the yield stress (Pa); K is the
consistency coefﬁcient (Pa sn); _c is the shear rate (s1), and n is
the ﬂow behavior index (dimensionless).
2.5. Statistics
Data were examined by analysis of variance with the signiﬁ-
cance deﬁned at p 6 0.05. Signiﬁcant differences among mean val-
ues were determined by the Tukey’s test at the same signiﬁcance
level. The software Statistica 6.0 was used for these analyses.
3. Results and discussion
3.1. Emulsion inversion
In direct emulsiﬁcation inversion, it is interesting to determine
relatively long inversion intervals. In these cases, it can happen at
the inversion point that either a W/O or an O/W emulsion is
formed under practically identical conditions. This means that
some uncontrollable changes can happen. Hence, an interval of
2.5% in relation to the emulsion volume was used.
The emulsion type was determined by conductivity. Emulsions
prepared with 2 wt% of soy lecithin inverted in an interval from 80
to 82.5 vol.% of the oil phase, while those prepared with 5 wt% had
an interval of 82.5–85 vol.%. For soy lecithin, it is possible to see
that the amount of the emulsiﬁer inﬂuenced the inversion interval.
Stirring did not change this interval. An increased amount of emul-
siﬁer helps to maintain emulsion stability, thus avoiding its inver-
sion. Phase inversion can be considered as an instability
mechanism. So, the factors that inﬂuence the stability of the emul-
sion also have an inﬂuence on the inversion boundary
(McClements, 2005, 2007). Therefore, the boundary can be modi-
ﬁed by stirring, the type of emulsiﬁer, and its concentration.
For Tween 80, the variable that was the more signiﬁcant was
stirring. Emulsions prepared at 4000 rpm inverted in an interval
of 82.5–85 vol.% of the oil phase, while those prepared at
9000 rpm had an interval of 85–87.5 vol.%. Tween 80 has a hydro-
philic–lipophilic balance (HLB) value of 15.0, generating mostly
O/W emulsions. Therefore, this emulsiﬁer enables the formation
of emulsions with a high amount of internal phase before inver-
sion, higher than soy lecithin.
In this study, inversion intervals between 80 and 87.5 vol.% of
the internal phase were found. The determined intervals for both
Fig. 1. Stability of emulsions prepared with 2 and 5 wt% of soy lecithin and Tween
80, at 4000 and 9000 rpm, with 70 vol.% of the oil phase at 25 C. Note: Different
letters indicate signiﬁcant differences between the separate volumes, according to
the Tukey test, p 6 0.05.
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phase than those presented by (Schramm, 1992), where heavy
crude oil emulsions were shown to invert in an interval of 60–
70 vol.% of the internal phase. The value found in the present study
was also higher than 74 vol.% of the internal phase determined for
the critical packing of mono-dispersed spheres (Schramm, 1992).
In the study of Thakur et al. (2008), the inversion point for emul-
sions prepared with sunﬂower oil and egg lecithin using dynamic
inversion was 71.5 vol.% of the internal phase, also different than
the values found in this work. Thus, direct emulsiﬁcation enables
emulsions to invert with a greater amount of internal phase than
dynamic inversion.
Emulsion stability changes with different surfactants, formula-
tions, processes and storage conditions. When emulsions are rest-
ing, as in stability tests, they may separate into three or more
phases. Typically, a resting O/W emulsion separates into three
phases, one being an upper layer with a high concentration of
the internal phase, the next is an intermediate phase with a com-
position similar to the original emulsion and the last one a lower
layer with a high concentration of the continuous phase
(McClements, 2007).
The emulsiﬁer reduces the interfacial tension between the two
phases, allowing the formation of droplets which may be stable for
a particular time window. Stirring inﬂuences the size of formed
droplets and, as a consequence, their stability. Increasing the en-
ergy supplied during stirring reduces the size of the formed drop-
lets, because a greater total interfacial area can be created.
Therefore, the smaller and more uniform the droplets are, the more
stable the emulsion (McClements, 2007; Schramm, 1992).
The stability of emulsions stored at 10 C was greater than at
25 C (data not shown due to space restrictions). The stability in-
creased when the temperature decreased. At low temperatures,
molecular movement is reduced. For the most stable emulsions,
there is no signiﬁcant difference in stability for the two tempera-
tures used. For the emulsions where phase separation occurs, it
was possible to perceive some difference in stability at different
storage temperatures.
The separation of the continuous phase (water) was mainly ob-
served at the bottom part of the vessels with the prepared emul-
sions. In some cases, however, coalescence of oil droplets
occurred at the emulsion surface. The results for phase separation
using emulsions with 75 vol.% of the dispersed phase are presented
in Fig. 1.
It was observed that the emulsions with 2 wt% of Tween 80 pre-
sented greater stability than 2 wt% of soy lecithin. For 5 wt% of soy
lecithin at 4000 rpm, the stability was greater than with Tween 80
under the same conditions. With stirring at 9000 rpm, the stability
was the same using both emulsiﬁers. Emulsions prepared with soy
lecithin were most inﬂuenced by the emulsiﬁer concentration,
while those prepared with Tween 80 were most inﬂuenced by
the stirring speed.
Higher stirring speeds and higher emulsiﬁer concentration re-
sult in smaller droplets, more stable emulsions, and inversion
intervals with at least the same amount of the dispersed phase.
After inversion, the emulsions were less stable than before. This
can be caused by two factors: the high concentration of the exter-
nal phase and the unsuitability of the emulsiﬁer used during prep-
aration for the W/O emulsion formed during the inversion.
Some emulsions must be stable only for a short period, e.g. be-
tween two processing steps, whereas others must remain stable for
relatively long periods, such as a few weeks, months or years
(Chanamai and McClements, 2000). Emulsions produced with
Tween 80 have greater stability and thus can be used in products
that require high stability. Emulsions produced with lecithin are
less stable. To use these emulsions in foods that require high stabil-
ity, it is necessary to add some other ingredients.A micrograph of the emulsion in condition ﬁve is (2 wt% of soy
lecithin, 4000 rpm) shown in Fig. 2. These images can be used to
compare and understand the mechanism of inversion. At the inver-
sion point, the droplets of the internal phase coalesce and new
droplets are created with the former external phase. The new drop-
lets are smaller than the old droplets; this occurs because they are
created within the old droplets.
The emulsion inversion mechanism is very complex. It may
happen that a bicontinuous phase or a multiple emulsion is
formed. The mechanism may depend on the rate of addition of
the internal phase, the type of inversion, and several other factors
(Bouchama et al., 2003; Groeneweg et al., 1998; Sjöblom, 2006).
According to Fig. 2, it is possible to observe that increasing the
internal phase volume translates directly to a decrease in the size
of individual droplets. For soy lecithin and Tween 80, the emul-
sions with 75 vol.% of the internal phase present a difference when
compared with emulsions with 80 vol.% of the internal phase, as
seen in Table 1. At some point, emulsions become multiple (b)
and the number of internal droplets increases (c). At 85 vol.% of
the oil phase, the emulsion becomes W/O, i.e. an inversion takes
place. The larger droplets seen on these micrographs are a result
of coalescence (d). The inverted emulsions had lower stability than
the O/W, so their droplets started to coalesce and separation hap-
pened soon after stirring. Even so, in the same ﬁgure, the presence
of smaller droplets (between 1 and 3 lm) is clear, which was not
the case before the inversion.
The droplets were large, in general, making it easy to see the
difference between different emulsiﬁers and protocols. In this
way, these emulsions were studied, even though this DSD is
uncommon in the food industry. Experiments not shown here,
where emulsions were prepared using higher temperatures fol-
lowed by instant cooling to room temperature, presented droplets
with diameters smaller than 1 lm.3.2. Rheological characterization
3.2.1. Steady state rheology
Flow curves were obtained for emulsions prepared with soy lec-
ithin and Tween 80. Flow curves representing the shear rate, _c, and
dependence of the shear stress, s, recorded at 25 C are shown in
Fig. 3. None of the emulsions exhibited a linear relationship
between shear stress and shear strain (Fig. 3), thus demonstrating
Fig. 2. Micrographs of emulsions prepared at 4000 rpm with 2 wt% of Tween 80, storage at 25 C: (A) emulsion O/W with 70 vol.% of the oil phase; (B) emulsion O/W with
75 vol.% of the oil phase; (C) emulsion O/W with 80 vol.% of the oil phase; (d) emulsion W/O with 85 vol.% of the oil phase.
Table 1
Droplet size distribution for emulsions with 5 wt% of soy lecithin and Tween 80 prepared at 4000 rpm.
Range Lecithin (% of droplets)
70% (oil phase) (O/W) 75% (oil phase) (O/W) 80% (oil phase) (O/W) 85% (oil phase) (W/O)
0–4.9 lm 44.44 ± 10.29Aa 34.02 ± 9.79Aa 97.63 ± 0.42Ba 98.15 ± 3.21Ba
5.0–9.9 lm 30.16 ± 4.76Aab 61.30 ± 8.06Bb 2.72 ± 0.74Cb 1.85 ± 3.21Cb
10.0–14.9 lm 19.84 ± 5.78Ab 1.52 ± 1.82Bc 0.00 ± 0.00Bc 0.00 ± 0.00Bb
15.0–19.9 lm 3.97 ± 1.45Ac 0.47 ± 0.81Bc 0.21 ± 0.36Bc 0.00 ± 0.00Bb
>20 lm 1.59 ± 1.33Ac 0.00 ± 0.00Ac 0.21 ± 0.36Ac 0.00 ± 0.00Ab
Range Tween 80 (% of droplets)
75% (oil phase) (O/W) 80% (oil phase) (O/W) 82.5% (oil phase) (O/W) 85% (oil phase) (W/O)
0–4.9 lm 47.45 ± 6.55Aa 91.77 ± 2.81Ba 99.64 ± 0.16Ba 98.75 ± 2.16Ba
5.0–9.9 lm 23.43 ± 10.14Ab 2.14 ± 0.98Bb 0.36 ± 0.16Bb 1.25 ± 2.16Bb
10.0–14.9 lm 19.16 ± 6.64Abc 4.03 ± 1.09Bb 0.00 ± 0.00Bc 0.00 ± 0.00Bb
15.0–19.9 lm 7.39 ± 3.79Abc 1.17 ± 0.52Bb 0.00 ± 0.00Bc 0.00 ± 0.00Bb
>20 lm 2.57 ± 2.50Ac 0.88 ± 1.53Ab 0.00 ± 0.00Ac 0.00 ± 0.00Ab
Note: Signiﬁcant difference indicated with capital letters between concentrations and with lowercase letters between ranges of droplet size, according to the Tukey test,
p 6 0.05.
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a similar behavior, showing no signiﬁcant difference (p 6 0.05)
according to the Tukey’s test (data not shown).
These values of apparent viscosity at shear rates of 1, 10, and
100 s1 are shown in Table 2. It is possible to observe that the
apparent viscosity of emulsions with 5 wt% of Tween 80 was lower
than on those with 5 wt% of soy lecithin, but in emulsions with
2 wt% of Tween, viscosity was greater than in those with 2 wt%
of soy lecithin, when compared at the same shear rate, in all cases.
The results of the inversion interval, stability and droplet size
demonstrated that changes in the soy lecithin concentration in
an emulsion have a greater inﬂuence on viscosity than changes
in the Tween 80 concentration.
It is also possible to observe that stirring speed inﬂuences the
apparent viscosity of emulsions. This is explained by the fact that
faster stirring forms smaller and more uniform droplets, resulting
in more viscous and stable emulsions (Schramm, 1992).The ﬂow curves for emulsions obtained at 4000 and 9000 rpm,
using 2 and 5 wt% of soy lecithin and Tween 80 at 25 C were ﬁtted
according to the Herschel–Bulkley model. The minimum value of
determination coefﬁcient obtained was 0.966 indicating an
excellent ﬁt of the experimental data to model. The values of
K (consistency coefﬁcient – mPa sn) and n (ﬂow behavior index –
dimensionless) are presented in Table 3. All emulsions presented
ﬂow behavior index (n) values less than 1, conﬁrming their
shear-thinning behavior. This is the most common behavior found
in food emulsions (Steffe, 1996).
Emulsions present elastic properties below a certain applied
stress, known as the yield stress (s0 = the minimum shear stress
required to initiate ﬂow), but ﬂows like a ﬂuid when this stress
is exceeded. The weak bonds are broken and the crystals slide past
one another, leading to ﬂow of the sample (Schramm, 1994; Steffe,
1996; McClements, 2005). In this work, emulsions prepared
with soy lecithin presented a higher yield stress than emulsions
Fig. 3. Flow curves representing the shear rate, _c, dependence of the shear stress, recorded at 25 C of emulsions with: (A) soy lecithin; (B) Tween 80. Both prepared at 2 and
5 wt% of the emulsiﬁer and stirring speeds of 4000 and 9000 rpm.
Table 2
Comparison of apparent viscosity at shear rate of 1, 10 and 100 s1 in emulsions with
75 vol.% of the dispersed phase, prepared at 4000 and 9000 rpm, using 2 and 5 wt% of
soy lecithin and Tween 80 at 25 C.
Treatment Apparent viscosity (mPa s)
1 s1 10 s1 100 s1
S-L/2%/4000 4214.88 740.13 123.39
S-L/2%/9000 6466.76 1183.16 175.41
S-L/5%/4000 10486.88 1764.88 301.51
S-L/5%/9000 14482.01 2474.71 379.74
T/2%/4000 1709.66 501.33 154.39
T/2%/9000 3359.51 882.80 255.42
T/5%/4000 2004.47 593.40 209.08
T/5%/9000 3706.21 939.82 276.21
76 L.C.B. Züge et al. / Journal of Food Engineering 116 (2013) 72–77prepared with Tween 80, 7.609 ± 0.987 and 2.212 ± 0.113 Pa, for
lecithin and Tween 80 respectively, in emulsions prepared with
5% of emulsiﬁer at 9000 rpm, analyzed at 25 C (Table 3). There-
fore, the emulsions prepared with soy lecithin need higher stress
to ﬂow like a ﬂuid. The consistency coefﬁcient showed the same
behavior as the yield stress.
The rheological parameters obtained for each emulsiﬁer can
help with the choice of ingredients used in the product formula-
tion. For example, one emulsion may have greater stability with
higher viscosity when prepared with a low concentration of Tween
80 than when using soy lecithin.3.2.2. Dynamic mechanical analysis
The effect on the mechanical response of the emulsion with the
addition of different types of emulsiﬁer was investigated by oscil-Table 3
Values of s0 (yield stress), n (ﬂow behavior index) and K (consistency coefﬁcient) at 10 and
and Tween 80.
Treatment 10 C
s0 (Pa) n K (mPa s
S-L/2%/4000 1.422 ± 0.084 0.436 ± 0.011 1.516 ± 0
S-L/2%/9000 1.932 ± 0.100 0.435 ± 0.008 2.430 ± 0
S-L/5%/4000 3.488 ± 0.382 0.352 ± 0.015 5.012 ± 0
S-L/5%/9000 4.852 ± 0.553 0.334 ± 0.016 6.479 ± 0
T80/2%/4000 0.284 ± 0.023 0.436 ± 0.003 2.041 ± 0
T80/2%/9000 0.207 ± 0.042 0.489 ± 0.003 2.392 ± 0
T80/5%/4000 0.364 ± 0.028 0.538 ± 0.003 1.514 ± 0
T80/5%/9000 1.080 ± 0.068 0.503 ± 0.004 2.873 ± 0latory tests. These assessments are sensitive to changes in the
chemical composition and in the physical structure of the samples
and thus allow a nearly non-destructive measuring method. Stress
sweep experiments (1.0 Hz) were carried out to ensure that the
frequency sweep measurements were performed within the linear
viscoelastic region. Fig. 4 shows the mechanical spectra of the
emulsions with different emulsiﬁers (0.2% and 0.5% wt%) prepared
at 4000 and 9000 rpm. For emulsions with soy lecithin (Fig. 4A), G0
(storage modulus) > G00 (loss modulus) throughout the entire fre-
quency range, featuring viscoelastic solid behavior with a gel-like
structure, at all concentrations and stirring speeds tested. The
highest G0 (100 Pa) was obtained for the sample prepared at
5 wt% and 9000 rpm; this sample also showed the highest stability.
However, the frequency sweep for samples with Tween 80
(Fig. 4B) showed a typical proﬁle of a concentrated solution, with
G00 > G0 at lower frequencies and with higher values of G0 than G00
only at higher frequencies.
According to Brummer (2006), the mechanical spectrum of a
stable emulsion with greater internal strength shows a storage
modulus, G0, higher than its loss modulus, G00, and both moduli
should be almost parallel throughout the observed frequencies,
with a slight increase in the slope at high frequencies. The differ-
ences found in the mechanical properties of the studied emulsions
were probably related to the nature of the emulsiﬁer added. In gen-
eral, according to Fig. 4, the G0 of the emulsions containing soy lec-
ithin showed an increase with an increase in concentration and
stirring and no dependence of frequency. Neverthless, G0 of the
emulsions containing Tween 80 showed a dependence of fre-
quency with higher values than G00 only at higher frequencies over
the same concentrations and stirring tested.25 C for emulsions prepared at 4000 and 9000 rpm, with 2 and 5 wt% of soy lecithin
25 C
n) s0 (Pa) n K (mPa sn)
.076 2.848 ± 0.132 0.453 ± 0.011 1.495 ± 0.096
.091 3.920 ± 0.258 0.386 ± 0.012 2.945 ± 0.213
.373 6.823 ± 0.518 0.410 ± 0.020 3.576 ± 0.410
.545 7.609 ± 0.987 0.333 ± 0.022 6.525 ± 0.868
.027 0.625 ± 0.027 0.538 ± 0.002 1.243 ± 0.013
.036 1.106 ± 0.049 0.504 ± 0.002 2.409 ± 0.025
.022 0.860 ± 0.017 0.601 ± 0.001 1.266 ± 0.007
.056 2.212 ± 0.113 0.560 ± 0.004 1.926 ± 0.051
Fig. 4. Frequency sweeps showing the frequency dependence of G0 and G00 at 25 C (r = 0.2 Pa) for emulsions prepared with: (A) soy lecithin; (B) Tween 80. Emulsions were
prepared at 2 and 5 wt% of the emulsiﬁer and stirring speeds of 4000 and 9000 rpm.
L.C.B. Züge et al. / Journal of Food Engineering 116 (2013) 72–77 774. Conclusions
The emulsiﬁer has an inﬂuence on the emulsion inversion point
and on its rheological behavior. The amount of emulsiﬁer used also
inﬂuences these parameters. The concentration of the emulsiﬁer
increases the stability of the emulsions by forming smaller drop-
lets, while the viscosity is more dependent on uniformity of the
droplets, not only on the droplet size. Emulsions prepared with
2 wt% of lecithin inverted in an interval of 80–82.5 vol.% of the
oil phase and those prepared with 5 wt% had an interval of
85–82.5 vol.%. Emulsions prepared with Tween 80 inverted in an
interval of 85–82.5 vol.% when stirred at 4000 rpm, while those
prepared at 9000 rpm had an interval of 87.5–85 vol.%. The oscilla-
tory tests showed that while the emulsions prepared using Tween
80 exhibited concentrated solution behavior, the emulsions pre-
pared with lecithin exhibited strong gel behavior.
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